Neuronal loss is the best neuropathological substrate that correlates with cortical atrophy and dementia in Alzheimer's disease (AD). Defective GABAergic neuronal functions may lead to cortical network hyperactivity and aberrant neuronal oscillations and in consequence, generate a detrimental alteration in memory processes. In this study, using immunohistochemical and stereological approaches, we report that the two major and non-overlapping groups of inhibitory interneurons (SOM-cells and PV-cells) displayed distinct vulnerability in the perirhinal cortex of APP/PS1 mice and AD patients. SOM-positive neurons were notably sensitive and exhibited a dramatic decrease in the perirhinal cortex of 6-month-old transgenic mice (57% and 61% in areas 36 and 35, respectively) and, most importantly, in AD patients (91% in Braak V-VI cases). In addition, this interneuron degenerative process seems to occur in parallel, and closely related, with the progression of the amyloid pathology. However, the population expressing PV was unaffected in APP/PS1 mice while in AD brains suffered a pronounced and significant loss (69%). As a key component of cortico-hippocampal networks, the perirhinal cortex plays an important role in memory processes, especially in familiarity-based memory recognition. Therefore, disrupted functional connectivity of this cortical region, as a result of the early SOM and PV neurodegeneration, might contribute to the altered brain rhythms and cognitive failures observed in the initial clinical phase of AD patients. Finally, these findings highlight the failure of amyloidogenic AD models to fully recapitulate the selective neuronal degeneration occurring in humans.
INTRODUCTION
Alzheimer's disease (AD) is characterized by cognitive deficits that are correlated with aberrant neuronal network activity, which might relate to dysfunction of GABAergic neurons (2, 60) . Inhibitory signal plays a fundamental role in the generation of cerebral rhythmic oscillations, so a defective inhibition, because of the loss or low activity of GABAergic interneurons, can lead to networks abnormalities. Impaired inhibition has been proposed as a potential mechanism of network hyperactivity, and human studies indicate that network hyperactivity is an early event in AD pathogenesis which could produce a detrimental alteration in cognitive functions (60, 84) .
The two prominent and non-overlapping groups of inhibitory interneurons, the fast-spiking parvalbumin (PV)expressing neurons, which provide powerful perisomatic inhibition of pyramidal cells and the somatostatin (SOM)expressing neurons, which confer distal dendritic inhibition, are critically involved in memory and learning processes (42, 58, 87) . The contribution of the loss/dysfunction of these GABAergic subpopulations to AD pathophysiology is not resolved yet. Loss of SOM neurons has been described in the frontal cortex (44) and olfactory regions (67, 68) of AD patients. However, reports are controversial regarding PV interneurons ranging from substantial loss to unchanged, or even increased, amounts of these cells (35, 54, 67, 70) . This controversy could be because of the brain region analyzed and/or to the lack of stereological approaches for the cell quantification. We have previously reported a differential vulnerability of these interneurons (marked loss of SOM neurons and preservation of PV cell density) by stereology in both the hippocampus and entorhinal cortex of an AD model (55, 63, 82) . Here, we extended our analysis to another cortical region early affected by AD pathology, the perirhinal cortex. This is a subregion of the parahippocampal gyrus composed of two subdivisions, Brodmann areas 35 and 36, also known as transentorhinal cortex and ectorhinal cortex, respectively, and represents an important component of the medial temporal memory system, linking sensory association cortices with the hippocampal formation (78) . This cortical region plays an essential role in higher cognitive functions including episodic memory (recollection), semantic memory (familiarity) and visual perceptual processing systems (19, 41, 56) , indeed, lesions of the perirhinal cortex lead to recognition memory impairment (22, 33, 78) . Despite its relevance in memory processes, and the fact that the area 35 of the perirhinal cortex is the first cortical region to be affected by neurofibrillary pathology in AD patients (Braak I stage) (9, 10) the perirhinal cortex has been, however, surprisingly understudied at the neuropathological level in AD patients or animal models, and no studies have been performed so far to determine the AD-associated GABAergic neuronal vulnerability in this cortical region.
In the present study we analyzed, by immunohistochemistry and stereological methods, the two main and nonoverlapping inhibitory neuronal populations, SOM neurons and PV neurons, in the perirhinal cortex of APP/PS1 mice and AD patients. Our data demonstrated that SOM and PV interneurons presented different vulnerability to the AD-like pathology. SOM cells exhibited a dramatic decline in both APP/PS1 mice and AD individuals. However, the population expressing PV was unaffected in the amyloidogenic model while in patients suffered a marked degenerative process. The high vulnerability of these GABAergic interneurons in AD brains may have substantial functional repercussions on local inhibitory mechanisms and memory function, contributing to the recognition memory failure in AD patients.
MATERIALS AND METHODS

Transgenic mice
Transgenic APP751 SwedLond /PS1 M146L mice (APP/PS1) were used. Characterization of these transgenic mice have been previously reported (5, 8, 55, 63, 72, 82) . These APP/PS1 mice were obtained by crossing heterozygotic Thy1-APP751SL (Swedish-K670N, M671L-and London-V717I-FAD mutations) mice with homozygous PS1M146L mice (Charles River, France). Both lines were maintained on a C57BL/6 J background. Non-transgenic (wildtype; WT) mice of the same genetic background and ages were used as controls. After deep anesthesia with sodium pentobarbital (60 mg/kg), 4-, 6-and 12-month-old APP/PS1 (n = 6/age) and WT (n = 8/age) mice were perfused transcardially with 4% paraformaldehyde, 75mM of lysine, 10mM of sodium metaperiodate in 0.1M of phosphate buffer (PB), pH 7.4. Brains were post-fixed overnight in the same fixative at 4°C, cryoprotected in 30% of sucrose and then sectioned (40 μm thickness) in the coronal plane on a freezing microtome. All animal experiments were performed in accordance with the Spanish and the European Union regulations (RD53/2013 and 2010/63/UE) and approved by the Animal Research Committee from the University of Malaga (Spain). Experiments and procedures with animals were designed to minimize the animal suffering and reduce the number of animals used.
Human samples
Human brain autopsy specimens (parahippocampal gyrus) were obtained from the Neurological Tissue Bank of IDIBELL-Hospital of Bellvitge (Barcelona, Spain). Samples (see Table S1 for demographic information) included cognitively normal subjects with no (Braak 0; n = 2; mean age 52 ± 8.2 years) or early (Braak II; n = 5; mean age 82.2 ± 4.1 years) tau pathology, more advanced tau pathology but clinically not demented individuals (Braak III-IV; n = 6; mean age 76.5 ± 7.3 years) and demented AD patients (Braak V-VI; n = 6; mean age 75.3 ± 13.9 years). The middle age Braak 0 individuals (free of any known neurological or psychiatric illness and no pathological diagnostic criteria) and the aged Braak II individuals were used as controls. Samples were fixed in cold 4% of paraformaldehyde in 0.1 M PB for 24-48 h, cryoprotected in sucrose, stored at −80°C, sectioned (30 µm thickness) on a freezing microtome and serially collected in wells containing 0.1 M of phosphate buffer saline (PBS) and 0.02% of sodium azide. The utilization of post-mortem human samples was approved by the biobank and local ethic committees following Spanish legislation.
Anatomical boundaries
The perirhinal cortex belongs to the parahippocampal region within the temporal medial lobe and it is composed in both rodent and primates of two cytoarchitectonically distinct areas, a smaller and medially situated area 35 and a much larger, laterally situated area 36 (78) . In mice, as in primates, perirhinal cortex surrounds the posterior portion of the rhinal sulcus and it is delimited medially by the entorhinal cortex and laterally by temporal association areas. The posterior boundary is formed by the postrhinal cortex (parahippocampal cortex in primates). In humans, perirhinal cortex is mainly located in and around rhinal and collateral sulci, including much of the inferotemporal gyrus ventrally, and also extends anteriorly to include the medial portion of the temporal lobe (23) .
In the present study we analyzed both the perirhinal areas 35 and 36 of the mouse cortex, and the medial portion of the perirhinal cortex (area 35 or transentorhinal cortex) in the human samples. The mouse perirhinal cortex was identified in Nissl-stained sections (see Figure S1A a1-a4) by its cytoarchitecture and location using the mouse brain atlas as reference (61) . In addition, the distinct immunostaining pattern with the 6E10 monoclonal antibody displayed by areas 35 and 36 as well as the adjoining cortical regions, also provided us a very useful tool for distinguishing anatomical landmarks of the specific analyzed regions (see Figure S1B b1 and b2). This antibody labels human APP (full-length and fragments including Abeta (14)), showing in the transgenic APP/PS1 mice a layer-specific immunostaining in area 36 (APP-positive neurons in deep layers V and VI) distinct from area 35 (APP-positive neurons in layers II-III and VI). On the contrary, for delimitation of the human perirhinal cortex ( Figure S3 ) we used adjacent Nisslstaining sections along with a human brain atlas (51) . Immunostaining for Abeta with the OC antibody (see below) was also very helpful to delimitate the boundaries between adjacent brain areas.
Immunohistochemistry
Antigen retrieval (80°C for 30 min in 50 mM citrate buffer, pH 6.0) was first performed, and free-floating sections were then treated to inhibit endogenous peroxidase (3% hydrogen peroxide/3% methanol in PBS) and to block endogenous avidin, biotin and biotin-binding proteins. For light microscopy, sections were incubated with the primary antibody over 24-72 h at room temperature. The antibodies used in this study were: anti-somatostatin (SOM) goat polyclonal (1:1000 dilution; Santa Cruz Biotechnology), anti-parvalbumin (PV) rabbit polyclonal (1:5000 dilution, Swant); antineuronal nitric oxide synthase (nNOS) rabbit polyclonal (1:1000 dilution, Sigma-Aldrich); anti-NeuN mouse monoclonal (1:1000 dilution, Merck-Millipore); anti-human amyloid precursor protein (hAPP) rabbit polyclonal (1:20000 dilution, Sigma-Aldrich); anti-hAPP/Amyloid-beta (Abeta) mouse monoclonal 6E10 antibody (1:1500 dilution; Sigma-Aldrich); anti-Abeta42 rabbit polyclonal (1:40 dilution; Biosource); anti-oligomeric/fibrillar Abeta rabbit polyclonal OC (1:5000 dilution; Merck Millipore); anti-phospho-tau (p-Tau) monoclonal AT8 (1:500 dilution, Thermo Fisher). Tissue-bound primary antibody was then detected by incubating with the corresponding biotinylated secondary antibody (1:500 dilution, Vector Laboratories), and then with streptavidin conjugated horseradish peroxidase (1:2000 dilution, Sigma-Aldrich). The peroxidase reaction was visualized with 0.05% of 3-3′-diaminobenzidine tetrahydrochloride (DAB), 0.03% of nickel ammonium sulfate and 0.01% of hydrogen peroxide in PBS. Specificity of the immune reactions was controlled by omitting the primary antisera. Sections were mounted on gelatin-coated slides, air-dried, dehydrated in graded ethanol, cleared in xylene and coverslipped with DPX (BDH) mounting medium. For human sections, single immunoperoxidase labeling was carried out as described above, and for double immunoperoxidase staining the first peroxidase reaction was developed with DAB and nickel ammonium sulfate (dark blue end product) while the second immunoperoxidase reaction was developed with DAB only (brown reaction end product). For double immunofluorescence, sections were first sequentially incubated with the indicated primary antibodies followed by the corresponding Alexa 488/568 secondary antibodies (1:1000 dilution; Invitrogen). Sections were mounted onto gelatin-coated slides, coverslipped with 0.01 M PBS containing 50% of glycerin and 3% of triethylenediamine and then examined under a confocal laser microscope (Leica SP5) or Olympus BX-61 epifluorescent microscope.
Image analysis
Immunofluorescence cell counts
To analyze the colocalization between SOM-positive cells and APP-positive or nNOS-positive cells, immunofluorescence sections were used. Confocal images (Leica SP5 microscope) from 4-month-old APP/PS1 mice (n = 3; 5 sections/animal) were processed using Visilog 6.3 analysis program (Noesis, France). Images were acquired on matching areas per section at 20X magnification. Single-labeled SOM-cells or nNOS-cells, and double-labeled SOM/APP-cells or SOM/ nNOS-cells were defined by thresholding and converted to binary images. For each image, the total particles were counted and dystrophic neurites were manually excluded from the analysis. Values from each image were summed to obtain a total number of positive cells.
SOM dystrophies-plaque analysis
Abeta plaques that presented SOM-positive dystrophic neurites were analyzed using Visilog 6.3 analysis program (Noesis, France). Bright field microscopy images of SOM immunolabeled sections with Congo-red counterstain from 4, 6 and 12-months old APP/PS1 mice (n = 3/age, 5 sections/animal) were taken using an Olympus BX-61 microscope and 10X objective. The perirhinal areas 35 and 36 were manually outlined in each image and the total area was measured. The total number of Abeta plaques associated with SOMpositive dystrophies was counted and values from each section were averaged to obtain a mean plaques/mm 2 for each animal.
Plaque and p-Tau loading
For plaque load, thioflavin-S stained (0.015% in 50% ethanol; Sigma) or Abeta42-immunostained sections were analyzed. For p-Tau load, AT8-immunostained sections were used.
Sections were visualized under an Olympus BX-61 microscope and 4x objective. Images were acquired with an Olympus DP71 high-resolution digital camera and settings were adjusted at the start of the experiment and maintained for uniformity. Digital images from APP/PS1 mice (n = 4/age; four sections per mouse) or human samples (n = 5-6/Braak stage; two sections per individual) were analyzed using Visilog 6.3 analysis program (Noesis, France). The plaque area (Thioflavin-S positive or Abeta42 immunostained) or p-Tau immunolabeled area (AT8-positive) within the perirhinal cortex was identified by level threshold and color images were converted to binary images. The cortical area in each 4x image was manually outlined. Plaque or p-Tau loading (%) was calculated and defined as (sum labeled area measured/ sum cortical area analyzed) x 100. The sums were taken over all slides sampled and a single burden was computed for each specimen. The mean and standard deviation (SD) of the corresponding loadings were determined using all the available data. Quantitative comparisons were carried out on sections processed at the same time with same batches of solutions.
Plaque size morphometric analysis
Sections stained with Thioflavin-S from 4, 6 and 12-months old APP/PS1 mice (n = 4/age, four sections/animal) were analyzed using the nucleator method with isotropic probes by the NewCAST software package from Olympus stereological system. Perirhinal cortex was analyzed using a counting frame of 7066 µm 2 and step length of 137 µm. For individual plaque measurement a 40X objective was used. Number of plaques/mm 2 falling into four surface categories (ranging from <200 µm 2 to >2000 µm 2 ) was calculated. Each analysis was done by a single examiner blinded to sample identities.
Stereological analysis
Immunopositive cells in mice and human brain sections were stereologically quantified as previously reported (5, 39, 55, 63, 71, 82) using an Olympus BX61 microscope interfaced with a computer and an Olympus DP71 digital camera, and the NewCAST (Computer Assisted Stereological Toolbox) software package (Olympus, Denmark). For mice studies (n = 3-8/age/genotype) SOM-, PV-and nNOS-positive cells were counted through the rostrocaudal extent of the perirhinal cortex (between Bregman coordinates −1.34 mm and −4.04 mm). Neurons were quantified in every seventh section (with a distance of 280 μm), and an average of 7-8 sections was measured in each animal. Cortical boundaries were defined according a standard mouse stereotaxic brain atlas (61), in adjacent series of sections stained with cresyl violet. The cortical area was defined using a 4x objective and the number of neurons was counted using a 100x/1.35 objective. We used the optical 3 μm from the upper surfaces as look-up and those 3-13 μm from the surfaces as reference sections. A counting frame of 902.5 μm 2 with step lengths of 42.49 µm was used. For human tissue studies, immunoreactive cells were counted (n = 3-5/Braak stage; 5-6 sections/individual) in every sixth section (with a distance of 180 µm) through the rostrocaudal extent of the perirhinal cortex (area 35) situated between Bregman stereotaxic coordinates 17 mm and 35 mm, according to the Atlas of the Human Brain (51) . The anatomical boundaries were defined using a 2X objective and the number of the cells was counted using a 100X/1.35 objective. We used a counting frame of 1722 µm 2 with step lengths of 131.23 µm. The numerical density (ND; cells/mm 3 ) was calculated using the following formula: ND = Q/(∑A × h/SV), where "Q" is the number of disector-counted somatic profiles, "∑A" is the area of the counting frame, "h" is the height of the optical dissector (10 μm) and SV is the volumetric shrinkage factor of the sample. Finally, the numerical density was calculated as described above for mice sections. An investigator who was blind to the experimental conditions performed neuronal profile counting.
Statistical analysis
Normality data were assessed using the Kolmogorov-Smirnov test. Normally distributed data were expressed as mean ± SD. The comparison between two groups was done by two-tailed t-test, and for comparing several groups and ages, we used one-way ANOVA, followed by Tukey post-hoc multiple comparison test. For both tests, the significance was set at 95% of confidence. SigmaStat 3.5 and GraphPad Prism 7 statistics software were used in all the cases.
RESULTS
Early loss of highly disease-sensitive SOM interneurons in APP/PS1 perirhinal cortex
We have previously reported that SOM-positive interneuron population was substantially reduced in the hippocampus and the entorhinal cortex of our APP/PS1 transgenic model at early ages (55, 63, 82) . Thus, we now analyzed the vulnerability of this GABAergic interneuron subset in the perirhinal cortex. SOM-positive neurons were found throughout cortical layers II-VI of areas 35 and 36 ( Figure 1A a1-a3), however, they seemed to be more abundant in the deep layer (IV-VI) of both perirhinal areas. Most SOMpositive neurons displayed a multipolar morphology with several primary dendritic processes (see inset in Figure 1A a1). Neuropil staining was stronger in the area 36 than 35 ( Figure 1A a4 and a5, respectively). Distribution pattern of SOM-positive neurons was very similar in both WT and APP/PS1 mice ( Figure 1A a1 and a2, respectively). However, transgenic mice displayed abundant SOM-positive dystrophic neurites ( Figure 1A a2 and a3; see a6 for detail) which were closely associated with amyloid plaques as evidenced in Congo red counterstained sections ( Figure 1A a7). Although no significant differences in the amount of Abeta plaques (plaques/mm 2 ) associated with SOM-positive dystrophies were found between areas 35 and 36 at any age analyzed, this was significantly higher at 12 months compare to 4 or 6 months of age (6.2 ± 2.3 and 5.6 ± 2.4 4-month-old, vs. 12.5 ± 2.2 and 9.7 ± 1.4 at 6 monthold or 33.9 ± 5.5 and 25.2 ± 5.8 plaques/mm 2 at 12 monthold in areas 35 and 36, respectively; n = 3, 5 sections/ animal, ANOVA F(2,19) = 53.7, P < 0.0001; Tukey P < 0.005). Noteworthy, in our quantitative analysis all identified SOM-positive dystrophies were associated with amyloid plaques. Besides the close association between SOMpositive dystrophic axons and amyloid plaques, these interneurons do not accumulate Abeta (see Figure 1A a8-a10) since they do not express the mutated human APP transgene (55, 63) . We corroborated this in double SOM/ APP immunofluorescence staining in 4-month-old APP/PS1 mice and none double SOM/APP cells were found in area 35 or 36 (from a total of 1028 and 1060 SOM-positive cells analyzed in each perirhinal area, respectively; n = 3, 5 sections/animal). An apparent diminution of the SOMpositive neurons, especially in the deeper layers, was detected in APP/PS1 mice at 6 months of age. The stereological study showed that there was a statistically significant decrease in the numerical density (cells/mm 3 ) of these interneurons in APP/PS1 mice at 6 months of age compared to agematched WT selectively in the deep layers of both areas 36 and 35 (−56.97 ± 8.92% and −60.73 ± 10.08%, respectively; see Figure 1B b1 ). Changes in the number of SOMpositive cells in WT animals was also detected at 12 months of age in the deep layers of both areas 36 and 35 (−36.35 ± 20.65% and −35.52 ± 16.52%, respectively). The decrease in SOM-positive neurons in 6-month-old APP/PS1 mice was also significant when compared to 4-month-old mice (−55.99 ± 9.13% and −57.28 ± 10.96% in the deep layers of both areas 36 and 35, respectively). Interestingly, this decrease did not progress further at 12 months of age. By contrast, no significant differences were observed in the number of SOM-positive neurons in the superficial layers (I-III) at any age analyzed ( Figure 1B b2) . Therefore, these data demonstrated a significant and early reduction of the SOM-positive population selectively in the deep layers of the perirhinal cortex in the transgenic APP/PS1 mice. Moreover, our data indicate that distinct disease-sensitive SOM-positive neuronal subpopulations should be present in the perirhinal cortex of these transgenic animals, at least, one highly vulnerable which is early affected and another more resistant to the disease progression that remains until, at least, 12 months of age.
Our previous studies in the hippocampus and entorhinal cortex identified the SOM neurons expressing neuropeptide Y (NPY) (SOM/NPY neurons) as a highly vulnerable SOM subpopulation (55, 63) . In order to determine the persisting SOM subpopulation, here we analyzed the SOM/nNOS neurons which constituted a small but conspicuous population in the perirhinal cortex ( Figure S2A ). Although nNOS-positive neurons were located throughout cortical layers II to VI, they were mainly concentrated in the deep layers of both areas 36 and 35. Similarly to that of SOM cells, nNOS neurons showed a multipolar morphology with slightly branched primary dendrites ( Figure S2A a1 ). Noteworthy, all nNOS positive neurons examined, independent of the age and genotype of mice, were also immunoreactive for SOM ( Figure S2A a1-a3 ). The quantification in double immunofluorescence nNOS/SOM sections from 4-month-old APP/PS1 mice (n = 3, 5 sections/animal) revealed that 100% of nNOS cells (a total of 100 and 106 nNOS-positive cells were counted in areas 35 and 36, respectively) were positive for SOM (from a total of 909 and 868 SOM-positive cells counted in areas 35 and 36, respectively). SOM neurons were more abundant than nitrergic ones, therefore, nNOS neurons constituted a small subpopulation (11.1 ± 2.4% or 12.2 ± 3.9% in areas 35 and 36, respectively) of SOMpositive neurons in the perirhinal cortex. The presence of nNOS-positive dystrophies was detected in the transgenic mice ( Figure S2A a4-a6). We then performed a stereological study to quantify nNOS neurons (immunoperoxidase staining and bright field microscopy) in the deep perirhinal layers of APP/PS1 and WT animals at 4, 6 and 12 months of age, and no significant differences in the numerical density (cells/mm 3 ) of this population were found at any age in both cortical areas (36 and 35) and genotypes (see Figure  S2B ). Therefore, no age-dependent or disease-dependent decrease was detected for the SOM/nNOS subpopulation indicating that these neurons were quite resistant to the progressive increasing amyloid pathology in this model, though they developed dystrophic processes. These data support that SOM/nNOS neurons constitute a sub-fraction of the stable SOM population in the perirhinal cortex of APP/PS1 mice. 
PV interneurons are highly resistant in the APP/ PS1 perirhinal cortex
We next evaluated the other major interneuron population in the cerebral cortex, the perisomatic GABAergic PV-positive neurons. We have reported no decrease in numbers of PV-expressing interneurons in the hippocampus and entorhinal cortex of our APP/PS1 model (55, 63, 82) . These interneurons were numerous and distributed across layers II to VI in the perirhinal cortex, although they were located mainly in the deep layers (Figure 2A a1-a3 ). Most PV neurons in the perirhinal cortex of mice displayed multipolar morphology with aspinous dendrites. Layers II-V of area 35 showed a high density of PV-positive axonal plexuses, allowing a clear distinction with the area 36 that was much less immunoreactive (Figure 2A a1-a3 ; see a4 and a5 for details). Qualitative examination of immunostained sections showed no apparent differences between WT and APP/PS1 mice in distribution, morphology or density of the PV neurons in any of the ages studied (2, 4, 6 and 18 months). In addition, PV-positive dystrophic neurites were not observed at any age, despite the close proximity between the PV-positive processes and the Aβ plaques in many instances (Figure  2A a6 ). The stereological cell counting of the PV-positive neurons was performed in 6-and 18-month-old WT and APP/PS1 mice. The data showed that there were no significant changes in the numerical density of these GABA neurons in either of the two perirhinal areas (36 and 35) between WT and APP/PS1 mice at early (6 months) or even at late (18 months) ages (area 36: 10630 ± 2970 and 11480 ± 1940 cells/mm 3 for transgenic mice, and 10974 ± 2990 and 9619 ± 3034 cells/mm 3 for WT mice, respectively; area 35: 8970 ± 1460 and 9520 ± 2110 cells/ mm 3 for transgenic mice, and 10765 ± 4281 and 10382 ± 1496 cells/mm 3 for WT mice, respectively) ( Figure 2A) . These data indicate that PV neurons constitute an unaffected GABA subpopulation in the perirhinal cortex of this amyloidogenic mouse model.
Extracellular Abeta accumulation is spatially and temporally coincident with the loss of SOM interneurons in APP/PS1 mice
In order to know whether the selective loss of SOM cells in the deep layers of the perirhinal cortex was associated to a preferential accumulation of Abeta deposits, we examined the amyloid pathology in the superficial (layers I-III) and deep layers (IV-VI). The amount of labeled deposits was slightly higher with Abeta42 immunostaining ( Figure  3A a1-a3) than with Thioflavin-S staining which selectively highlights the fibrillar plaques ( Figure 3A a4-a6 ). However, the amyloid plaques distribution pattern was similar with both staining approaches being plaques significantly more abundant and larger in the deeper layers than in the superficial cortical layers. Amyloid deposits were observed first in the deep cortical layers (at 4 months of age) and gradually progressed to superficial cortical layers with age, displaying area 35 an earlier and more intense Abeta pathology than area 36. We then determined the fibrillar amyloid burden in both superficial (I-III) and deep (IV-VI) layers ( Figure 3B ). The amyloid load increased significantly (twotailed t-test) with age, both in the superficial and the deep layers of areas 36 and 35 of the perirhinal cortex, being more affected the deep layers. The most significant increase occurred between 6 and 12 months of age in the deep layers of both regions (5-7 times more amyloid load in the deep layers at 12 months than at 6 months). The agedependent increase in the total amyloid load appeared to be associated with both the number and size of the plaques. To support this observation, we next determined the plaque density (plaque/mm 2 ) in deep layers at 4, 6 and 12 months of age dissecting plaques into four size categories ranging from <200 μm 2 to those >2000 μm 2 ( Figure 3C ). As expected, there was a significant increase in the number of plaques/ mm 2 at the age of 6 months in the deep layers of areas 36 (38.48 ± 4 .91 at 6 months vs. 18.06 ± 10.10 at 4 months, and 35 (45.68 ± 27.01 at 6 months vs. 17.51 ± 4.41 at 4 months). The number of plaques falling into the range of <200 μm 2 significantly increased (2.8 times in area 36 and 4 times in area 35) at 6 months of age compared to 4 months. Interestingly, the plaques within the range of <500 μm 2 were the most abundant ones at 4-6 months of age. The number and size of plaques was remarkably higher at 12 months of age in both perirhinal areas. Plaques >500 μm 2 were much more abundant at 12 months (7.2 times in area 36 and 7.5 times in area 35) than at younger ages (4 months). Then, the number as well as the size of plaques significantly increased with age in deep layers of both perirhinal areas. All together these data indicate that there is a temporal and spatial correlation between amyloid pathology and the loss of SOM interneurons in the deep layers of the perirhinal cortex of our APP/PS1 model.
Loss of SOM-positive and PV-positive interneuron populations in the perirhinal cortex of Alzheimer's patients
To address the relevance of this GABAergic vulnerability in the transgenic mice for AD pathology, we examined SOM cells and PV cells in human post-mortem AD perirhinal cortex. Elderly age-matched samples from demented individuals with advanced tau pathology (Braak V-VI), nondemented with intermediate tau pathology (Braak III-IV) and cognitively normal Braak II individuals were processed for SOM or PV immunohistochemistry and then the numerical density of neurons (cells/mm 3 ) quantified using stereology. Middle-age individuals with no AD-like pathology (Braak 0; not shown) were also included along with aged Braak II individuals as control group. In Braak 0 or Braak II individuals, SOM immunostaining revealed numerous positive interneurons throughout all cortical layers ( Figures 4A a1) , though they were apparently more abundant in deep layers ( Figures 4A a1 and a2 ; see a5 for detail). A reduced number of SOM-positive somata was evidenced in Braak III-IV ( Figures 4A a3) and even more pronounced reduction was seen in Braak V-VI samples (Figures 4A a4) . SOM-positive dystrophic neurites were occasionally seen in intermediate significant reduction in the numerical density in Braak III-IV samples (−68.74 ± 24.95%) that was even higher in Braak V-VI (−91.11 ± 6.64%), compared to Braak II samples.
However, as shown in Figure 5 for Braak II, PV-positive interneurons, including both basket and chandelier cells, were found through layers II-VI being the majority located at layers II-III. Immunopositive neuropile corresponding to axons and dendrites was most prominent at layer III ( Figures  5A a1, see a4 for detail). The comparison with age-matched individual displaying intermediate (Braak III-IV) o advanced (Braak V-VI) tau pathology revealed a substantial reduction in the number of immunolabeled PV-somata as well as neuropile staining ( Figures 5A a2 and a3, compared to a1; see a4-a6 for further details). PV-positive dystrophic neurites were rarely seen in the AD samples. A significant decrease in the numerical density ( Figure 5B ) of PV-cells (−68.62 ± 7.95%) was detected in Braak V-VI individuals compared to Braak II.
Then, in AD perirhinal cortex there was a profound loss of SOM-positive as well as PV-positive interneurons. In order to correlate this interneuron loss with the severity of major AD lesions, we have next examined the tau and Abeta pathology in our human post-mortem cases ( Figure 6 ). The tau pathology was visualized with the specific phospho-tau antibody AT8. A significant increase in the tau pathology (measured as AT8-immunopositive load) was found in Braak V-VI samples (10 times compared to Braak II, or 2.7 times compared to Braak III-IV cases; Figure 6C c1 ). In control Braak II samples the presence of AT8-positive neurons was seen specifically in layer III ( Figure 6A a1 and a4) , where PV-cells were more abundant. The phospho-tau bearing neurons expanded to all cortical layers in Braak III-IV and the number of affected neurons was higher in Braak V-VI stages as expected ( Figure 6A a2 and a3 , respectively). Neurons with neurofibrillary tangles were clearly identified with the AT8 antibody (see Figure 6A a4, a5 and a7). AT8-positive neuropile was dense in layer III in Braak II and then increased gradually with the disease course being more intense in layers II-III and V. The presence of neuropile threads which might result from the breakdown of dendrites and axons of the neurofibrillary tangle-bearing neurons was very abundant (see Figure 6A a4-a7 ). In addition, numerous AT8positive dystrophic neurites were also seen ( Figure 6A a6) . Amyloid pathology ( Figure 6B ) was visualized with a conformation-and sequence-specific antibody against Abeta oligomers (OC antibody). Though the spatiotemporal pattern of amyloid deposition in the perirhinal cortex was variable within individuals, a clear increase in the amount of amyloid plaques was evidenced along the course of the disease ( Figure  6B b1-b3 ). In Braak II individuals, the amyloid deposits were very sparse and were located mainly in superficial layers whereas in Braak V-VI cases the amyloid deposits were abundant and usually involved the six cortical layers. Diffuse ( Figure 6B b4 ) and neuritic plaques ( Figure 6B b5 and b6) were seen. The Abeta oligomers were mainly located in an external ring that surrounded the fibrillar dense core of classic deposits ( Figure 6B b7-b9 ). The increase in the amyloid burden in advanced Braak V-VI cases (4.3 times) was in fact statistically significant in comparison with Braak II samples ( Figure 6B c2) .
Therefore, our data suggest a relationship between the progression of both, phospho-tau and amyloid pathologies, and the loss of SOM and PV interneurons in the perirhinal cortex of Braak V-VI patients.
DISCUSSION
Here we demonstrate that SOM-and PV-cells, the two major and non-overlapping GABAergic cortical interneuron populations, display distinct vulnerability in the perirhinal cortex of AD mice and patients. In APP/PS1 mice, SOM neurons are strikingly sensitive and their number dramatically decrease in 6-month-old mice, however, the number of PV neurons stays well preserved in this model. By contrast, both inhibitory populations are highly affected in the perirhinal cortex of AD patients (Braak V-VI). These findings highlight the potential contribution of interneuron loss to the abnormal brain rhythms and cognitive dysfunction observed in patients. However, our results emphasize the failure of amyloidogenic transgenic models to fully recapitulate the selective neurodegeneration occurring in AD brains.
Cortical network activity is controlled by GABAergic interneurons and the dysfunction of these neurons has strongly come on the scene as major contributor for the cognitive impairment manifested by AD patients (60) . There is a large diversity of GABA interneurons which differ on their morphological, electrophysiological and molecular features, however somatostatin containing group (30% of cortical interneurons) along with the PV expressing neurons (40% of cortical interneurons) comprise together the largest cortical inhibitory subpopulations (81) . SOM deficiency in AD brains has been long described (6, 12, 17, 20, 24, 25, 27-29, 44, 67, 80) , though none of these studies used a stereology based procedure for cell counting. We have previously demonstrated by stereological analysis a significant early loss of SOM cells in the hippocampus (63, 82) and entorhinal cortex (55) of our APP/PS1 model. In addition, reduced SOM cells in the hippocampus (1) and the olfactory system (69) has also been reported in others AD models. Now, we demonstrate a significant decline of SOM Immunostaining for Abeta42 (a1-a3) and staining for fibrillar Abeta (Thioflavin-S, a4-a6) in the perirhinal cortex of APP/PS1 mice at 4, 6 and 12 months of age. Extracellular deposits are first observed at 4 months of age and accumulate preferentially in deep layers (IV-VI) of area 35. Amyloid plaques progressively increase along aging in both areas 36 and 35. B. The area occupied by extracellular Abeta augments significantly with age and is higher in deep layers than in superficial layers at 12 months of age (n = 4, two-tailed t-test). C.
Quantification of the number (plaques/mm 2 ) and size of amyloid deposits in deep layers demonstrates a significant increase with age (n = 4, one-way ANOVA P < 0.001 (F(5, 37) = 19.975 for area 36 and F(5, 38) = 44.843 for area 35) , followed by Tukey post hoc multiple comparison test). Significance (*P < 0.05, ** P < 0.01, *** P < 0.001) is indicated in the figure. ec, external capsule; rf, rhinal sulcus; I-VI, cortical layers. Scale bars: a1-a6, 200 µm.
cell density in the APP/PS1 perirhinal cortex since early ages and, most important, that these inhibitory neurons are also dramatically reduced in the perirhinal cortex of AD brains (Braak V-VI). This reduction of SOM cells was even significant in the group of Braak III-IV samples revealing an impairment of this subpopulation since earlier stages of the disease. Therefore, loss of these inhibitory interneurons seems to be a common process in AD models and AD brains (2), making SOM cells into a highly sensitive population to the AD pathology in both transgenic models and patients.
The mechanisms underlying the AD-associated vulnerability of SOM cells are still unknown, but as we have previously suggested (40, 55, 63, 82) , the extracellular Abeta could be a major factor involved. Thus, as we show in the perirhinal cortex of AD patients and APP/PS1 mice, the loss of SOM neurons is temporally and spatially associated with the amyloid pathology, including the formation of SOM-positive dystrophies surrounding the Abeta plaques. A correlation between neuronal death and extracellular deposition of Abeta has also been observed in other AD models (36) . A significant reduction of SOM cells after intracerebroventricular infusion of Abeta peptides (Abeta1-40 or Abeta25-35) in the hippocampus and other cortical regions has been reported in rats (12) , which supports an important role of Abeta in the loss of this interneuron population. Nevertheless, in amyloidogenic AD mice, a decreased septohippocampal cholinergic input impairs oriens lacunosummoleculare SOM interneurons (O-LM cells) function, impacting memory acquisition (74) . Since loss of basal cholinergic neurons is a hallmark of AD brains (4, 52, 62, 85) , and this selective degeneration is found in some amyloidogenic (18, 48) and tauopathy models (7) , AD-associated cholinergic depletion might increase the vulnerability of SOM neurons, contributing to memory deficits. Therefore, Abeta accumulation directly, or indirectly through cholinergic impairment or inducing a cytotoxic neuroinflammatory response, could significantly contribute to the neurodegenerative process of SOM neurons in the perirhinal cortex. We cannot exclude, however, causes other than Abeta toxicity for the death of SOM neurons, since these highly vulnerable interneurons are also affected in a number of pathological scenarios without Abeta accumulation, including traumatic brain injury (50) or epilepsy (43, 45, 64) . In line with this latter, it has been reported that hippocampal SOM neurons display a high density of NMDA receptors (57) , which are involved in excitotoxic mechanisms, thus an increase in the excitability of the pyramidal glutamatergic neurons, which are reciprocally interconnected with the SOM interneurons (16) , could be at the basis of the loss of these interneurons. Of course, a relationship between amyloid plaques and hyperactivity in nearby neurons has been described in AD mouse models (13) , which again involves Abeta in the SOM loss. This significant loss of SOM neurons in AD brains, however, could also contribute to the amyloid burden, since somatostatin induces the expression of neprilysin, an enzyme involved in Abeta degradation (66) . Therefore, loss of SOM neurons would lead to more accumulation of Abeta, and greater loss of these interneurons, entering a vicious circle. It is also noteworthy that a subpopulation of SOM interneurons was resistant to the Abeta pathology. A subset of this stable SOM population expressed nNOS, however, at present we do not know the reasons that determine this protection to Abeta. Further work should be done to clarify this point. SOM interneurons are low-threshold spiking cells that generally target the more distal dendrites of pyramidal cells, which receive excitatory input (31, 65, 81) thus likely regulating the dendritic integration of the excitatory synaptic inputs (16) . Recently, SOM neurons have been identified as regulators of beta/low gamma (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) Hz) oscillations in the neocortex (83) , thus a loss of these interneurons could reduce the activity in this frequency range affecting overlying processes. In this sense, the participation of SOM cells in synaptic plasticity and memory processes has been widely documented (49, 87) , and it has been suggested that a downregulation of somatostatin, and in consequence the levels of the Abeta-cleaving enzyme neprilysin, is a main risk factor for the development of AD (30) . Moreover, it has recently been proposed that SOM might directly influence AD pathology by interacting with Abeta and interfering its fibrillization (75) . Therefore, the declining of SOM cells during AD might lead to amyloid accumulation and plaque formation.
Distinctly from SOM neurons, PV-positive interneurons are preserved in the perirhinal cortex of our amyloidogenic transgenic model. These results are similar to those we previously reported in the hippocampus, entorhinal cortex and subiculum of the same transgenic mouse, where no age-related loss of PV neurons has been observed (55, 63, 82) , which raises the possibility that this GABAergic population is resistant to the toxic effects of Abeta. In fact, no PV-immunoreactive dystrophic structures were observed in the proximity of Abeta plaques in none of the studied regions in our APP/PS1 model. Contrary to what was observed in the APP/PS1 model, the perirhinal cortex of AD patients showed a significant decrease in the number of PV neurons, together with a marked reduction of the immunoreactive axonal plexus, in comparison with the control subjects. While early studies analyzing cortical areas such as visual, temporal or prefrontal cortex reported no changes in the PV neuronal population in AD subjects (26, 35, 46, 70) , studies of the entorhinal cortex or hippocampus, regions early affected by the tau pathology, showed a significant loss of PV neurons in AD patients (3, 11, 54, 73, 76, 79) . Though it is unknown what causes the loss of PV neurons in AD, major histopathological differences between the APP/ PS1 mouse model and AD brains could shed some light on the effect of different toxic scenarios to the PV neurons. As we have shown in this work and previously (55, 63, 82) , the number of PV neurons does not change in different cerebral regions of our amyloidogenic transgenic mouse, thus suggesting that this GABAergic population is resistant to Abeta. In contrast, the APP/PS1 transgenic mice do not develop intracellular neurofibrillary tangles of aggregated phosphorylated tau, a main hallmark of AD brains very abundant in most AD-affected regions including the perirhinal cortex, where tau tangles may accumulate even in the asymptomatic stages (10) . Therefore, aggregates of phospho-tau, instead of Abeta, could represent the possible toxic agent underlying the loss of PV neurons in AD brains. In fact, the accumulation of pSer262 and pThr205 tau in these cells has been recently reported (21) . Consistent with the idea that phosphorylated tau is toxic to these GABAergic interneurons, loss of PV-positive neurons has been reported in different models of tauopathy (47, 88) .
Parvalbumin neurons target both perisomatic and axonal compartments of pyramidal neurons causing a powerful inhibition of these cells. In addition, since nearby PV neurons are electrically coupled by gap junctions, they form coordinated inhibitory networks, very suitable for synchronously modulating the activity of many pyramidal cells (34) . Converging evidence supports fast-spiking PV interneurons as a major source of pyramidal cell inhibition for generating gamma oscillatory activities (15) , so loss of these GABAergic interneurons is, most likely, a main cause of network abnormalities. Accordingly, it has been shown that altered hippocampal oscillations in mouse models of AD are associated with deficits in PV function (59, 84) . Moreover, gamma frequency in AD patients is disrupted (77) . Interestingly, a direct relationship between gamma frequency deficit and AD pathology has recently been determined (38) . Stimulation of gamma waves in multiple AD mouse models reduced Abeta load and phosphorylated tau accumulation. Therefore, the loss of PV cells in the perirhinal cortex might significantly contribute to AD-related pathology in this vulnerable brain region. Besides inhibiting locally, PV neurons in the perirhinal cortex also project to the superficial layers of the entorhinal cortex, mediating a feedforward inhibition that controls the output signals connecting this region with the hippocampus (86) . Therefore, a reduced activity in this GABAergic population could promote hyperactivity in the entorhinal cortex and, consequently, hyperexcitability across the hippocampus (53) . Interestingly, the hippocampal hyperactivity has also been associated with the spread of tau pathology before the clinical symptoms of AD (37) .
Within the medial temporal lobe, the perirhinal cortex strongly connects with the entorhinal cortex, parahippocampal cortex and amygdala, providing, moreover, an indirect route of communication with the hippocampal/ subicular region (23, 78) . In fact, perirhinal cortex is engaged in complex memory functions such as object recognition, visual perception, contextual association and spatial orientation (19, 78) . Specifically, this region supports associative recognition based on familiarity (32) . Thus, disrupted functional connectivity of the perirhinal cortex, as a result of the early SOM and PV neurodegeneration, might contribute to the altered memory processes and cognitive failure observed in the initial phases of AD patients. Finally, the different vulnerability exhibited by PV interneurons in the perirhinal cortex of APP/PS1 mice and AD brains, exposes the limitations of amyloidogenic models to reproduce all the complexity of human AD pathology.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article at the publisher's web site: Figure S3 . Cytoarchitecture of human parahippocampal gyrus. A. Nissl staining; a1 shows a panoramic view of a representative section from Braak II individual and a2 is a higher magnification detail of the perirhinal cortex. B. Abeta immunostaining (OC antibody); b1 shows a panoramic view of a section from Braak VI individual and b2 is a higher magnification detail of the immunolabeling in the perirhinal cortex. CA1-3, cornu ammonis; DG, dentate gyrus; S, subiculum; PrS, presubiculum; PaS, parasubiculum; Ent, entorhinal cortex; PRC, perirhinal cortex; cols, colateral sulcus; I-VI, cortical layers. Scale bar: a1 and b1, 2 mm; a2 and b2, 500 µm. Table S1 . Demographic data for post-mortem human brains.
